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As part of a program to identify the physical conditions in the jets of γ-ray-flaring blazars detected by Fermi, in-
cluding the role of shocks in the production of high-energy flaring, we obtained 4 years of 3-frequency, centimeter-
band total flux density and linear polarization monitoring observations of the radio-bright blazar S5 0716+714
with the University of Michigan 26-m paraboloid. Light curves constructed from these data exhibit a series
of rapid, high-amplitude, centimeter-band total flux density outbursts, and changes in the linear polarization
consistent with the passage of shocks during the γ-ray flaring. The observed spectral evolution of the radio-band
flares, in combination with radiative transfer simulations incorporating propagating shocks, was used to con-
strain the shock and jet flow conditions in the parsec-scale regions of the jet. Eight forward-moving, transverse
shocks with unusually-strong shock compression factors, a very fast Lorentz factor of the shocks of 77, a bulk
Lorentz factor of the flow of 20, a viewing angle of 12◦, and an intrinsic opening angle of the radio jet of 5.2◦
were identified.
1. Overview
Recent work to localize the site of the GeV emission
from blazars using radio-band imaging data has iden-
tified a close temporal correlation between activity in
the 43 GHz core, a physical region associated with
a standing shock [1], and flaring in the γ-ray band
[2], while evidence for enhanced centimeter-band ac-
tivity during γ-ray flaring has been found for large
source samples [3]. Such results support the notion of
a common disturbance for the production of both the
radio-band and γ-ray activity and the localization of
the γ-ray flaring in the parsec-scale region of the jet
during at least some flares, e.g. [4]. Hence radio-band
linear polarization and total flux density data can be
used to probe the physical conditions at or near to the
γ-ray emission site under the assumption that γ-ray
flaring originates in the parsec-scale jet.
The role of shocks in the production of optical-to-
radio-band flaring has been widely accepted since the
1980s, and it has been a commonly-cited mechanism
for particle acceleration to γ-ray energies in recent
work [5]. However, few detailed studies have been
carried out to identify the presence of shocks during
γ-ray flares and to determine their role in the produc-
tion of γ-ray flaring. Comparison of simulated light
curves based on radiative transfer calculations incor-
porating the shock paradigm with radio-band total
flux density and linear polarization variability obser-
vations can be used to identify the properties of shocks
(strength, orientation, and sense) and to constrain jet
flow conditions. The latter include the bulk motion of
the flow, the viewing angle of the jet, the intrinsic jet
opening angle, and the degree of order of the magnetic
field. While time-intensive, modeling has the advan-
tage of disentangling complex effects, including rela-
tivistic aberration and Doppler boosts, and is prefer-
able to indirect methods based on simple assumptions
and the combining of unmatched properties. While
useful in obtaining statistical results to delineate pa-
rameter space, such procedures can lead to erroneous
results for individual sources, in particular where the
flow conditions are extreme (fast) and the shocks are
strong.
The intermediate-spectral-peaked (ISP) object S5
0716+714 is both radio and γ-ray bright, and it
has exhibited a history of intense variability across
the spectrum, including detection in the TeV band,
making it well-suited for application of the shock
paradigm. To attain this goal, we carried out in-
tensive monitoring of the linear polarization and to-
tal flux density with the University of Michigan 26-
m telescope (hereafter UMRAO) at three frequencies
(14.5, 8, and 4.8 GHz) during 2008.5 through 2012.5.
These data, complemented by millimeter VLBA imag-
ing data at 43 GHz, which probes structural changes
in the inner jet of this highly core-dominated source,
are modeled here.
2. The Data
2.1. Historical Variability at Radio Band
and at GeV Energies
Centimeter-band total flux density (S) and linear
polarization (LP) observations of the γ-ray-bright BL
Lacertae object 0716+714 were obtained from the
early 1980s through 2012.5 as part of the Univer-
sity of Michigan (UMRAO) variability program. Such
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Figure 1: Multi-decade total flux density light curve for
0716+714. The data at 14.5, 8, and 4.8 GHz are denoted
by crosses, circles, and triangles respectively.
long-term data are useful for placing the observa-
tions during the Fermi era in context. Two-week-
averaged long-term total flux density measurements,
shown in Figure 1, illustrate nearly continuous ac-
tivity over 3.5 decades of monitoring. The ampli-
tude of the total flux density exhibited a minimum
near 0.3 Jy in the mid 1990s during the operation
of EGRET aboard the Compton Gamma Ray Obser-
vatory (CGRO). The source was within the EGRET
field of view several times in the 1990s, and 5 detec-
tions with
√
TS ≥3.5 (≥3σ determinations) are listed
in the Third EGRET Catalog [6]. These occurred
at Viewing Periods with midpoints 1992.05, 1992.19,
1992.46, 1993.55, & 1995.14. The peak centimeter-
band total flux density amplitudes were considerably
lower than those in the Fermi era, and these EGRET
detections occurred during centimeter-band outburst
phases which ranged from onset to radio-peak. The
characteristic behavior of the centimeter-band vari-
ability is notably different after 2002. Thereafter high-
amplitude, rapid flaring commenced which has been
particularly intense and sustained since the launch of
Fermi.
2.2. Variability Since the Launch of Fermi
A blow-up of the UMRAO total flux density and lin-
ear polarization data since mid-2008 and the weekly-
binned γ-ray photon flux light curve in the 0.1–200
GeV band is shown in Figure 2. The photon fluxes
(panel 1) were obtained using ScienceTools–v9r27p1
and P7SOURCE V6 event selection. The LAT data
were extracted within a 10◦ region of interest (ROI)
centered upon the position of the target. These used
an unbinned likelihood analysis (tool gtlike) to deter-
mine the photon fluxes by including in the model all of
the sources within 15◦ of the target and by freezing the
spectral index of all sources to the value in the 2FGL
catalogue. Daily-averaged UMRAO centimeter-band
data are shown in panels 2-4. With the higher sam-
pling attained since the launch of Fermi, the indi-
vidual radio-band flares comprising an outburst are
resolved during each activity phase; sufficient reso-
lution in the data is an important requirement for
identifying the number of individual flares within an
outburst envelope and is used to set the number of
shocks. The linear polarization is shown in panels 3
and 4 in the form of fractional linear polarization and
electric-vector position angle (EVPA). There is a 180◦
ambiguity in the determination of the UMRAO EV-
PAs, and our convention is to restrict the UMRAO
EVPA values to lie in the range of 0◦ - 180◦. In this
plot, however, we have allowed the range to be slightly
larger to minimize the occurrence of apparent jumps.
VLBA imaging data provide important additional
constraints in the analysis of the variability in this
source. Source-integrated 15 GHz data from the
MOJAVE website (http://www.physics.purdue.edu:
orange squares) and core fluxes obtained from
the BU blazar program, VLBA-BU-BLAZAR,
(http://www.bu.edu/blazars/VLBAproject.html)
providing monthly data at 43 GHz are included in
this figure. The agreement between the 15 GHz
MOJAVE imaging data and the 14.5 GHz source-
integrated UMRAO measurements confirms that
there is no significant contribution from extended
VLA-scale structure to either the total or polarized
flux. The redshift for this source is not known
directly from spectroscopic measurements. However,
adopting a value of 0.3 has led to a maximum appar-
ent component speed of ≥40c based on the analysis
of 5 moving MOJAVE components, and a change
in the 15 GHz projected inner jet position angle in
late 2009-early 2010 is identified from the structural
changes with time [7]. A preliminary analysis of
the 43 GHz VLBA monitoring data obtained in the
Boston University Blazar program identified complex
structural changes in the inner jet region and both
stationary and moving jet components; 3 of the
component ejections (times at which the feature
separated from the core) were temporally-associated
with γ-ray flares during the time window presented
[8]. Comparison of the amplitudes and variations in
the millimeter and centimeter band gives a measure
of the opacity between the respective emission sites
and a fiducial location in the jet flow since the 43
GHz ‘core’ is associated with a physical feature in the
flow. The fact that both the linear polarization and
the total flux density measurements characteristically
track at 15 and 43 GHz suggests that either the 43-15
GHz emission region is optically thin during this time
window, or that the emission sites are spatially close
to each other.
Cross-correlations of the fluxes from ground-based
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Figure 2: The γ-ray and centimeter-band total flux
density and linear polarization light curves: May 13,
2008 through June 12, 2012. From bottom to top: (panel
1) the weekly-binned γ-ray light curve in units of
photons/s/cm2 x 10−7, and (panels 2-4) radio-band total
flux density, fractional linear polarization (P%), and
electric vector position angle (EVPA) shown as
daily-averaged data. Core fluxes at 43 GHz from the
Boston University program (magenta squares) and
source-integrated 15 GHz MOJAVE VLBA data (orange
squares) are included.
and satellite instruments at a variety of wavebands
have been carried out for segments of the data sets in
a number of recent papers, e.g. [9], and characteris-
tic time scales identified using structure functions and
periodograms [10]. This work identifies complex rela-
tionships which are overall consistent with the produc-
tion of flaring by a common disturbance which prop-
agates outward in the jet with time. The matching of
individual total flux density flares in the radio and γ-
ray light curves, however, is complicated by the pres-
ence of nearly continuous activity in the radio-band
in the post-launch time-period, intrinsic difference in
the doubling time for flaring in the two bands, and by
geometric effects, e.g. [11], including changes in jet
orientation with time and jet curvature.
3. Radiative Transfer Modeling
The framework and assumptions adopted in the
radiative transfer modeling are detailed in [12].
We adopt a scenario in which propagating shocks
pass through a region of the jet containing a
predominantly-turbulent, passive magnetic field; the
support for the presence of a turbulent magnetic field
comes from the UMRAO result for hundreds of sources
showing low levels of fractional polarization (typi-
cally a few percent) on timescales of decades, and
no evidence for the high values (P>20%) of the frac-
tional linear polarization in the parsec-scale domain
predicted by some models. Such high fractional lin-
Table I Shock Parameters
Shock 1 2 3 4 5 6 7 8
To-2000 0.85 08.9 09.8 10.15 10.6 11.2 11.4 11.8
κ 0.18 0.18 0.18 0.2 0.17 0.2 0.27 0.25
ear polarizations might be expected for isolated re-
gions of highly-ordered magnetic field, e.g. as found
in some jet components from VLBI polarimetry ob-
servations, but not in the underlying quiescent flow.
While the magnetic field is predominantly turbulent
in our model, an additional ordered axial magnetic
field component was initially included in the model-
ing to reproduce the stable EVPAs observed in UM-
RAO sources during the relatively-rare time windows
of quiescence, but early modeling revealed that this
axial magnetic field can have a significant effect on
the simulated light curves and that higher values than
the initially-adopted value of 2% in magnetic energy
were required to match the data. The value of the ax-
ial magnetic field is one of the parameters determined
by the modeling. The shocks compress the plasma in
the emission region, increasing the emissivity and pro-
ducing an increase in the degree of order of the mag-
netic field. The signature of the passage of a shock
in the light curves is an outburst in total flux den-
sity, an increase in the fractional linear polarization,
and an ordered swing in the EVPAs, and it is the
spectral evolution with time in both the linear polar-
ization and the total flux density which constrains our
models. The number of shocks used in the simulation
is established from the structure apparent in the to-
tal flux density and linear polarization light curves,
combined with the expected burst profile for a sin-
gle shock [12]. The shocks are allowed to be oriented
at an arbitrary direction relative to the jet flow and
are specified by two angles. The angle η, the shock
obliquity, specifies the angle relative to the direction
of the upstream flow. A second angle specifies the
azimuthal direction of the shock normal, but as dis-
cussed in [12], the simulation is relatively insensitive
to the choice of the value for this free parameter. For
simplification it is assumed that the shock occupies
the cross section of the flow and propagates at a con-
stant rate.The attributes which specify a shock are its
onset time, length, compression factor, sense (forward
or reverse), and orientation.
4. Modeling Results for 0716+714: Shock
and Flow Parameters
The iterative procedure used for the analysis is il-
lustrated in [13] which presents details and results
for events modeled in three additional γ-ray-bright
blazars, and the sensitivity of the model to changes in
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the values for the key model parameters is examined
in [14]. An initial shock obliquity was chosen based
on the changes in the UMRAO EVPA light curves.
In this source swings through approximately 90◦ oc-
curred, consistent with the passage of a shock whose
front is transverse to the jet axis. By assumption all
of the shocks during the activity modeled have the
same orientation. The length of each shock (defined
as the evolved extent of the shocked flow) was set at
0.005 times the length of the flow. The shock sense
was found to be forward moving; we explored the pos-
sibility of reverse shocks, but these led to inconsisten-
cies with results based on VLBI measurements. The
individual start times and compression factors (κ) re-
quired to reproduce the spectral and temporal vari-
ability are listed in Table I for each shock. Typical
compressions for other γ-ray-flaring sources are 0.5
- 0.8, and the shocks in 0716+714 require unusually
strong compressions as suggested by the very rapid
rises in the light curves.
Parameters specifying the jet are given in Table II.
The value of the optically-thin spectral index α (S∝
ν−α) was set to 0.25 based on the rather flat total
flux density spectra in general in the UMRAO sources,
and the fiducial ‘thermal’ Lorentz factor of the energy
spectrum was arbitrarily set to 1000 at 8 GHz. The
model assumes a power law distribution of the radi-
ating particles with cutoff γi. The low energy cutoff,
determined to be 50 in this source, was constrained
primarily by the EVPAs. The bulk Lorentz factor
was determined from the observed P%; the derived
value of 20 is high compared to the values in the range
5-10 determined for our other modeled sources, but
is consistent with the high values of βapp determined
from VLBI measurements for the fastest components.
The flow viewing angle is determined primarily by
the observed fractional linear polarization but uses
the observed EVPA and the range of its change as
a secondary constraint. For comparison, typical val-
ues found from our modeling of other sources are in
the range 1.5◦ to 4◦, and our derived value of this
parameter is unusually high for a blazar. The ap-
parent component speed, βapp, is computed from the
shock Lorentz factor and the viewing angle. The shock
Lorentz factor, in turn, comes from the bulk Lorentz
factor of the quiescent flow and the shock strength
(compression factor).
The simulated light curves based on the shock and
jet parameters given in the tables are shown in Fig-
ure 3 right and the UMRAO data used as constraints
are shown in Figure 3 left. The scaling of time in the
model light curves is set by the duration of the ac-
tivity modeled, while the total flux density is scaled
to match the peak amplitude of the total flux density
at the highest UMRAO frequency, 14.5 GHz. Recall
that there are 180◦ ambiguities in the determination
of the EVPAs. Hence in the comparison of the data
and the model only the range of the swings should be
considered and not the values. The shock onsets are
marked along the abscissa of the lower panel of the
left plot. These mark the times at which the leading
edge of the shock enters the flow, and they do not cor-
respond to times at which the brightness centroids of
new VLBI components cross those of the stationary
‘core’. Those times, based on the 43 GHz data, are
also indicated in the figure.
4.1. Deviations between the Model and
the Data
While the model is able to reproduce the general
character of the variability, including the spectral be-
havior as a function of time, the amplitude range of
the total flux density flares, and the global event shape
and the position of features, there are some important
differences between the observed and simulated light
curves which indicate that refinements to the model
are required. Geometric effects have been cited in a
number of papers, and an association between changes
in the inner jet PA at 43 GHz and with γ-ray ac-
tivity is proposed in [15]. These would be expected
to affect the character of the total flux density light
curves which are successfully reproduced in terms of
the amplitude range and the spectral behavior with
time. More difficult to account for are the differences
between the observed and simulated fractional linear
polarization. Refinements to the model are required
to reproduce the spectral character of the 8 GHz po-
larimetry data, especially during shocks 2 through 5.
Further, in the early part of the simulation, the val-
ues of P% are too high at all three frequencies (e.g.
at 4.8 GHz 10 versus 5). Modifications which we hope
to explore in future work in an effort to improve the
fit of the model include allowing for a range of shock
obliquities in the simulation and including a modest
contribution from an additional ordered (possibly he-
lical) magnetic field component.
5. Discussion and Conclusions
Radiative transfer modeling of the UMRAO data
incorporating 8 forward-moving shocks is able to re-
produce the primary features of the spectral variabil-
ity in both total flux density and linear polarization
in 0716+714. The modeling identifies a high bulk
Lorentz factor of the flow, consistent with prior re-
sults, a wide intrinsic jet opening angle compared with
other blazars [13] and unusually strong shock com-
pressions. The apparent speeds of the emission pat-
tern are high, but less than the Lorentz factor since
the observer lies outside of the critical cone of the fast
flow. The viewing angle, a parameter which is very
well constrained by both the linear polarization and
the total flux density measurements, is higher than
eConf C141020.1
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Figure 3: Left: Observed total flux density and linear polarization for the time segment modeled. The symbol
convention follows Figure 1. The MOJAVE source integrated values are included for comparison. In panel 2 the error
bars are omitted for clarity. The upward arrows along the abscissa of the lower panel (Flux) mark the shock start
times. The downward arrows along the top of this panel mark the component separation times from new model-fitting
of the 43 GHz VLBA data. Right: Simulated total flux density and linear polarization light curves based on the shock
and jet parameters given in the text. Time is expressed in arbitrary units using 20 time steps over the time window
modeled. The three frequencies are color and symbol coded to match the convention adopted for displaying the data.
found for the outbursts which we modeled in other γ-
ray-bright sources. These results are consistent with
the impression from the light curves alone that the jet
conditions in this source are extreme.
The fact that the 43 GHz VLBA and 14.5 GHz mon-
itoring data in both the linear polarization and the to-
tal flux density track so well during the γ-ray flaring
is unusual compared to other blazars. The modeling
identifies that the radio-band emission originates in
a partially optically-thick part of the jet, and this re-
sult rules out the optically thin scenario suggested as a
possible explanation to explain the tracking of the mil-
limeter and centimeter-band flux and linear polariza-
tion data. The millimeter and centimeter-band data,
combined with the modeling, support an interpreta-
tion of spatially-close centimeter and millimeter-band
emission sites. The localization of the γ-ray site rel-
ative to the 43 GHz core region remains a controver-
sial issue. The variability in this source is complex,
and the broadband data exhibit time-dependent be-
havior which complicates attempts to establish signif-
icant correlations. These may arise from a complex
mix of changing physical conditions within the jet,
geometric effects, and more than one γ-ray emission
site. The correlations identified are consistent with
the production of at least some γ-ray flares within the
parsec-scale radio jet, and the modeling provides rel-
evant source parameters for those γ-ray flare events.
This work illustrates the importance of multifre-
quency linear polarization monitoring data. They
have the power to directly probe the magnetic field
direction and degree of order in blazars and to pro-
vide relativistic jet flow and shock properties which
Table II Jet Parameters
PARAMETER VALUE
Spectral Index 0.25
Fiducial Lorentz Factor 1000
Cutoff Lorentz Factor 50
Bulk Lorentz Factor 20
Jet Opening Angle 5.2◦
Viewing Angle 12.0◦
Shock Lorentz Factor 77
Shock βapp 9.5c
Energy in the Axial B Field 36%
cannot be obtained directly from observations.
Acknowledgments
Funding was provided by NSF grant AST-
0607523 and NASA Fermi GI grants NNX09AU16G,
NNX10AP16G, and NNX11AO13G (U. Michigan);
NSF grant AST-0907893 and NASA Fermi GI grants
NNX08AV65G and NNX11AQ03G (Boston U.); and
Academy of Finland project number 267324 (T.H).
Computational resources and services were provided
by Advanced Research Computing at the University
of Michigan, Ann Arbor. This project has made use of
data from the MOJAVE website which is maintained
by the MOJAVE team.
eConf C141020.1
6 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014
References
[1] A.P. Marscher, S.J. Jorstad, F.D. D’Arcangelo, et
al., “The inner jet of an active galactic nucleus as
revealed by a radio-to-γ-ray outburst”, Nature,
452, 966, 2008.
[2] S.G. Jorstad, A.P. Marscher, I. Agudo, N. Mac-
Donald, T. Scott, & K. Williamson, “Relation
Between Events in the Millimeter-wave Core and
Gamma-ray Outbursts in Blazars”, AAS Meeting
219, 154.29, 2012.
[3] Y.Y. Kovalev, H.D. Aller, M.F. Aller, et al.,
“The Relation Between AGN Gamma-Ray Emis-
sion and Parsec-Scale Radio Jets”, ApJ, 696, L17,
2009.
[4] I. Augudo, et al., “On the Location of the γ-Ray
Outburst Emission in the BL Lacertae Object AO
0235+164 Through Observations Across the Elec-
tromagnetic Spectrum”, ApJ, 735, L10, 2011.
[5] A. Meli & P.I. Biermann, “Active galactic nu-
clei jets and multiple oblique shock acceleration:
starved jets”, A&A, 556, 88, 2013.
[6] R.C. Hartman, D.L. Bertsch, S.D. Bloom, et al.,
“The Third EGRET Catalogue of High-Energy
Gamma-Ray Sources”, ApJS, 123, 79, 1999.
[7] M.L. Lister, M.F. Aller, H.D. Aller, et al., “MO-
JAVE. X. Parsec-Scale Jet Orientation Variations
and Superluminal Motion in Active Galactic Nu-
clei”, AJ, 146, 120, 2013.
[8] D.A. Morozova, S.G. Jorstad, A.P. Marscher, et
al. “Multiwavelength Observations of 6 BL Lac
Objects in 2008-2012”, EPJ Web of Conferences,
61, 04018, 2013.
[9] B. Rani, T.P. Krichbaum, L. Fuhrmann, et
al., “Radio to gamma-ray study of blazar S5
0716+714”, A&A, 552, A11, 2013.
[10] N.H. Liao, J.M. Bai, H.T. Liu, et al., “Multiwave-
length Variability Properties of Fermi Blazar S5
0716+714”, ApJ, 783, 83, 2014.
[11] U. Bach, T.P. Krichbaum, E. Ros, et al., “Kine-
matic study of the blazar S5 0716+714”, A&A,
433, 815, 2005.
[12] P.A. Hughes, M. F. Aller, & H.D. Aller, “Oblique
Shocks as the origin of Radio to Gamma-Ray
Variability in Active Galactic Nuclei”, ApJ, 735,
81, 2011.
[13] M.F. Aller, P.A. Hughes, & H.D. Aller, “Con-
straining the Physical Conditions in the Jets of
γ-Ray Flaring Blazars using Centimeter-band Po-
larimetry and Radiative Transfer Simulations. I.
Data and Models for 0420-014, OJ 287, and
1156+295”, ApJ, 791, 53, 2014.
[14] P.A. Hughes, M. F. Aller, & H.D. Aller, “Con-
straining the Physical Conditions in the Jets of
γ-Ray Flaring Blazars using Centimeter-band Po-
larimetry and Radiative Transfer Simulations. II.
Exploring Parameter Space and Implications”,
ApJ, 799, 207, 2015.
[15] B. Rani, T.P. Krichbaum, A.P. Marscher, S.G.
Jorstad, J.A. Hodgson, L. Fuhrmann, & J.A. Zen-
sus, “Jet outflow and gamma-ray emission corre-
lations in S5 0716+714”, A&A, 571, L2, 2014.
eConf C141020.1
